Structural and functional heterogeneities in cardiac tissue have been implicated in conduction block and arrhythmogenesis. However, the propensity of specific sites within the heart to initiate conduction block has not been systematically explored. We utilized cardiomyocyte cultures replicating the realistic, magnetic resonance imaging-measured tissue boundaries and fibre directions of ventricular cross-sections to investigate their roles in the development of conduction block.
Introduction
Reentrant arrhythmias, regardless of their underlying pathologies, are ultimately triggered by a localized block in electrical conduction. 1 The occurrence of conduction block is commonly associated with static heterogeneities in either tissue structure (e.g. fibrosis, tissue isthmus, or branching 2,3 ) or tissue function (e.g. sharp repolarization gradient, 4 -6 as well as dynamic instabilities in electrical conduction that lead to discordant alternans). 7, 8 While various artificial tissue geometries or computational scenarios have been previously employed to study the initiation of conduction block and reentry, 2,9 -11 the role of the heart's natural gross anatomy and intramural microanatomy in electrical dysfunction remains largely unexplored.
In previous studies, different anatomical features in the heart, including fibre twists in the apex, 12 interlaced fibres in the ventricular septum, 13 and sharp intramural fibre turns in the left ventricle (LV), 14 have been implicated in the formation of wavebreak and perpetuation of ventricular fibrillation. Similarly, at the cellular level, heterogeneity in the tissue microstructure has been shown to cause variations in electrical loading that can alter the safety of conduction and potentially precipitate conduction failure. 15, 16 Moreover, in circumstances where the effective cell excitability and safety factor of conduction are reduced (e.g. during single or multiple extrasystoles, reentry, ischaemia, hyperkalaemia), heterogeneities in tissue structure are expected to have a greater influence on impulse propagation and facilitate the development of localized conduction slowing, wavebreak, and block. 1, 2, 17 Understanding how different micro-and macrostructural features in healthy and diseased heart influence impulse conduction and the spatiotemporal evolution of conduction block will be imperative for designing more efficient anti-arrhythmia therapies. Despite their importance, the specific roles of natural tissue structure in electrical conduction have not been systematically studied in the intact heart setting due to (i) the inability to separate the functional effects of specific tissue structures from spatial variations in ion channel expression, 5, 6, 18 (ii) the lack of experimental tools to examine transmural electrical conduction with high spatial resolution, and (iii) the structural and electrical uniqueness of each heart that precludes reproducible, systematic correlations across multiple samples.
To address these limitations, we have recently combined diffusion tensor magnetic resonance imaging (DTMRI) 19 and cell micropatterning 20 techniques to reproducibly fabricate cardiac monolayers that accurately replicate the micro-and macroscopic anatomical features of murine ventricular cross-sections. 21 This novel model system represents a functionally homogeneous, two-dimensional (2D) structural replica of intact cardiac tissues, thereby allowing unique studies of the roles of realistic tissue boundaries and fibre directions in cardiac conduction and conduction block.
In the current study, we hypothesized that ventricular tissue contains specific sites where local tissue structure significantly increases the vulnerability to conduction block and arrhythmias during critical regimes of conduction, such as rapid excitation. By utilizing micropatterned cardiac cultures, we show that natural tissue boundaries and changes in fibre direction independently and additively contribute to the spatiotemporal evolution and incidence of reentry-inducing conduction block. Furthermore, our data suggest the existence of specific ventricular sites where unique micro-and macroscopic tissue structures generate local maxima in the mismatch between the tissue's electrical current source and load and readily precipitate propagation failure under conditions of reduced excitability.
Methods
The detailed methods and protocols are provided in the Supplementary material online.
Micropatterning and substrate preparation
Glass coverslips patterned with fibronectin were used to generate cardiomyocyte cultures (monolayers) that replicate DTMRI-measured fibre directions from a murine transverse ventricular cross-section. 21 Briefly, DTMRI data were translated into a photomask pattern representing the ventricular cross-sections using custom AutoCAD software. Standard soft lithography techniques were applied to fabricate corresponding polydimethylsiloxane stamps, which were coated with fibronectin solution (30 mg/mL) and used to print fibronectin patterns on coverslips. 21 
Cell culture
All studies conformed to the Guide for the Care and Use of Laboratory Animals, published by the United States National Institutes of Health (Publication No. 85-23, revised 1996) and approved by Duke University Protocol A214-09-07. Two-day-old Sprague-Dawley rats were decapitated by heavy scissors and their ventricles were excised and dissociated using trypsin and collagenase, as described previously. 20 Cells were seeded on fibronectin-patterned coverslips (1300 cells/mm 2 ) to generate 'anisotropic slice' (AS) monolayers with ventricular cross-section boundaries and natural cell orientations, 'isotropic slice' (IS) monolayers with the same realistic tissue boundaries but random cell orientations, and 'isotropic control' (IC) monolayers ( Figure 1A) . 21 On culture day 2, the serum concentration in culture media was reduced from 10 to 2% to prevent proliferation of non-myocytes. On culture day 5, monolayers were assessed using immunostaining and optical mapping of electrical propagation.
Anatomical terminology in micropatterned cultures
To indicate anatomical correspondence with intact ventricles, specific structural features in the micropatterned slice cultures were referred to using standard anatomical terminology [e.g. LV, right ventricle (RV), septum, transmural, etc.].
Structural assessment by immunostaining
Standard immunostaining procedures were used to label cardiomyocytes in monolayers with F-actin, non-myocytes with vimentin, and cell nuclei with DAPI. 20, 21 The ratio of cardiomocyte-vs. non-myocyte-occupied area, per cent area occupied by extracellular space, and mean cell size were quantified using custom MATLAB software. 21 
Electrical pacing and optical mapping of action potential propagation
Electrical propagation was first optically mapped in a macroscopic (contact fluorescence imaging, ×1 magnification) mode using a photodiode array and voltage-sensitive dye Di-4 ANEPPS, as described previously. 21 'Decremental burst pacing' (5 -11 Hz, 0.25 Hz increase between successive pulses; see Supplementary material online, Figure S2A ) was applied using a micromanipulated bipolar point electrode at one of four distinct culture sites ( Figure 1A) . In standard IC cultures, the same protocol was applied at the centre of the monolayer. High spatial resolution microscopic (×4 magnification) optical mapping was performed using voltage-sensitive dye ANNINE-6plus and an inverted microscope (see Supplementary material online, Figure S1 ). For these studies, only the anterior RV-septal insertion of IS and AS cultures was studied during the application of 'constant-rate burst pacing' (see Supplementary material online, Figure S2B ) applied at the centre of the RV free wall.
Data analysis
All analysis was performed using custom software in MATLAB and C++. Activation times were defined as instances of maximum upstroke velocity (dV/dt max ) and used to construct isochrone maps of propagation and cal- , APD, and WL) were constructed for each propagating AP during the pacing sequence by calculating median parameter values across multiple samples. 21 Conduction block lines were identified manually with single-pixel resolution along abrupt gradients in activation time during transmural conduction block. Block incidence maps that illustrate the probability of conduction block at different sites within the mapped region were created as the spatial compilation of all conduction block lines. The dominant orientation of transmural block lines was quantified by the mean angle of pixels along each block line, relative to the anterior corner of the RV chamber (i.e. the common anchor of block lines in IS and AS cultures).
To better quantify the effects of underlying tissue structure on the safety of action potential propagation, we constructed approximate 'electrotonic current source' and 'electrotonic current load' maps in IS and AS cultures based on their corresponding mean isochrone maps at 2 Hz stimulation, 21 the underlying fibre directions, and a theory describing current injection in a passive homogeneous 2D tissue. 22 The electrotonic current source at a particular monolayer site was a relative estimate of the current that would electrotonically flow into that site from its activated upstream neighbours. The electrotonic current load at a particular monolayer site was a relative estimate of the current that would electrotonically flow from that site, when activated, into inactive downstream tissue. The load:source ratio at a particular monolayer site (an index of the vulnerability to conduction block) described the relative deficit of local currents available for action potential initiation.
Statistics
Data were reported as mean + SD across all recordings for each group, unless otherwise stated, and analysed using one-way ANOVA followed by post hoc Tukey's t-test. Comparisons between different action potentials or different regions from the same recording were analysed using the paired t-test. Differences were considered significant for P , 0.05.
Results

Characteristics of conduction block induced by decremental burst pacing
Decremental burst pacing and optical mapping of action potential propagation were initially applied in IC, IS, and AS cultures to evaluate contributions of realistic tissue boundaries and fibre directions to the global spatial non-uniformity of conduction and to identify regions particularly susceptible to conduction block. During decremental pacing, cultures with more complex structure exhibited an earlier onset of increase (6.5, 7, and 8 Hz for AS, IS, and IC, respectively) and a faster increase (slopes of 8.4, 7.2, and 6.6%/Hz from piece-wise linear fits for AS, IS, and IC, respectively) in the spatial dispersion of CV WF (a global measure of non-uniform conduction, Figure 1B ).
Furthermore, the maximum pacing-induced CV WF dispersion prior to conduction block was also highest in AS (60.5 + 13.2%), followed by IS (52.7 + 13.3%) and IC (39.7 + 11.8%) cultures ( Figure 1C ). In contrast, the relative APD dispersion was neither affected by the increase in pacing rate nor the difference in structural complexity of the three culture settings ( Figure 1D ) (n ¼ 21 IC, 10 IS, and 21 AS).
The increased non-uniformity of conduction slowing at increased pacing rates eventually yielded either excitation failure at the pacing site or conduction block at a location remote (.7 mm away) from the pacing site. This conduction block occurred in 0% (0/25) of recordings in 25 IC cultures, 17% (8/48) of recordings in 12 IS cultures, and 34% (30/87) of recordings in 22 AS cultures ( Figure 1E ). Furthermore, comparing the incidence of conduction block for each pacing site in IS vs. AS cultures ( Figure 1E ) revealed that 77% (17/ 22) of AS cultures vs. 33% (4/12) of IS cultures experienced conduction block when subjected to decremental burst pacing from the RV free wall, suggesting important and independent roles of intramural cardiac fibre alignment and tissue boundaries in the induction of the conduction block during rapid pacing. In addition, all incidences of Block in micropatterned cross-section cultures conduction block in AS and IS cultures occurred exclusively at either the anterior or posterior RV free wall insertion into the septum ( Figure 1E ). In contrast to RV pacing, pacing from the LV free wall never yielded conduction block, with excitation ultimately failing at the pacing site ( Figure 1E ). Thus, conduction block incidence was highly dependent on the direction of wave propagation relative to tissue boundaries and local fibre directions. High pacing rates were non-arrhythmogenic if excitation ultimately failed at the pacing site. In contrast, all instances of conduction block inherently involved propagation failure in a single direction (unidirectional block) with the possibility for reentry initiation. For example, in the AS culture shown in Supplementary material online, Figure S3A and B and Video S1, rapid pacing from the RV free wall caused conduction block at the anterior RV septal insertion, but the wave travelling from the posterior RV circled through the septum, re-exciting the (now recovered) anterior RV and initiating anatomical reentry around the ventricular chambers. Depending on the pacing site and site of conduction block, various types of anatomical reentries were observed and classified based on the wall that 'drives' reentry (i.e. the only wall that, if disconnected, would terminate the reentrant wave), as shown in Supplementary material online, Figure S3C and Video S2.
Development of conduction block at the anterior RV-septal insertion
Once the anterior RV-septal insertion was established by decremental pacing as the dominant region of conduction block, constant-rate burst pacing from the RV free wall was applied in both IS and AS cultures to systematically study the mechanisms of block development in this region. To first ensure that any functional differences observed between IS and AS cultures can be attributed solely to the incorporation of realistic fibre directions illustrated in Figure 2A and B (rather than other microstructural differences between the two settings), the structural parameters relevant to impulse conduction were quantified from immunostaining images. As shown in Figure 2C -E, no statistically significant differences in myocyte:non-myocyte coverage area ratio (P ¼ 0.76, combined mean 13.7 + 3.7), per cent extracellular area (P ¼ 0.93, combined mean 13.4 + 3.6%), or mean cell area (P ¼ 0.85, combined mean 949 + 192 mm 2 ) were observed between IS and AS cultures (n ¼ 14 IS and 14 AS). Accurate correlations between the underlying tissue structure and patterns of conduction and repolarization were obtained by mapping action potential propagation with higher spatial resolution (187.5 mm; see Supplementary material online, Figure S1 ). In IS cultures ( Figure 3A) , constant-rate burst pacing yielded restitution-related conduction slowing in the entire culture (evident from the increased density of isochrone lines and time scale shift from blue to red); however, successive APs were most significantly delayed at the entry of the RV free wall into the septum. This pronounced conduction slowing at the tissue expansion eventually yielded complete transmural conduction block ( Figure 3A, Pulse 7) . In contrast, pronounced conduction slowing in AS cultures was concentrated at the anterior corner of the RV chamber (progressive isochrone crowding in Figure 3B ). In this case, partial conduction block first developed ( Figure 3B, Pulse 5 ), then extended with the subsequent pulse ( Figure 3B , Pulse 6), and finally transitioned into complete transmural block ( Figure 3B, Pulse 7) . The corresponding phase maps with overlaid PS trajectories ( Figure 3C 
transmural line of block formed. As illustrated along a representative conduction path in Figure 3D and E, while restitutionrelated reductions in CV WF , previous CV WB , and APD during rapid pacing could be qualitatively observed in all sites (a-e), the largest reduction occurred at the region just upstream of the line of conduction block (d). Similar to our previous studies, 23 no APD alternans were detected at any of the rapid pacing rates. To further study the spatiotemporal evolution of conduction block, we constructed multiculture ensemble maps of the spatial distribution of electrophysiological parameters (CV WF , previous CV WB , APD, and WL) during the propagation of the second AP after the onset of pacing, the last AP prior to block, and the blocked AP (n ¼ 14 IS in Figure 4 and n ¼ 12 AS in Figure 5 ). Comparing parameter changes during consecutive APs revealed that the development of conduction block in both IS and AS cultures was associated with wavefronts encroaching further onto previous wavebacks, resulting in pronounced localized reduction in CV WF , previous CV WB , APD, and WL in the vicinity of the transmural line of block. To further quantify the spatial non-uniformity of the measured parameters, calculations were partitioned into three distinct regions in IS and AS cultures [immediately (i) upstream and (ii) downstream of the line of block, and (iii) in the RV free wall proximal to the pacing site, schematic in Figure 4E ]. As shown in Figures 4E and 5E , the CV WF , previous CV WB , APD, and WL of the blocked AP were significantly more reduced in the region just upstream of the block line than in the RV free wall, suggesting that specific structural features in this region (fibre turns and/or RV-to-septum tissue expansion) caused local changes in restitution properties that eventually precipitated conduction block.
Structural characteristics and determinants of conduction block
Ultimately, full transmural block occurred when a sufficient delay in repolarization developed over a large enough region of the RV-septal insertion to prevent downstream propagation of the subsequent wave. We analysed abrupt gradients in activation time (signifying a blocked wave) in the anterior RV-septal insertion to identify the exact position of transmural lines of conduction block, and compiled all sites of block to generate block incidence maps (n ¼ 14 IS, 12 AS; Figure 6A ). From this analysis, the sites shown to have the highest propensity for conduction block in IS cultures were mainly located within the RV free wall, but, in AS cultures, they extended further into the septum (mean angle of block: 245.9 + 49.2 vs. 30.1 + 17.38 respectively, relative to the x-axis with the origin at the RV chamber corner, P ¼ 0.0008). Furthermore, the mean length of these transmural block lines was significantly longer in AS vs. IS cultures (2.1 + 0.6 vs. 1.3 + 0.4 mm, respectively, P ¼ 0.0002; Figure 6B ). These findings demonstrated that both (i) realistic tissue boundaries and (ii) fibre directions at the anterior RV-septal insertion distinctly influenced the spatial characteristics of transmural conduction block induced by constant-rate burst pacing. To further elucidate the underlying mechanisms of the observed differences in the position of conduction block lines in IS and AS cultures, we performed novel analyses to create spatial maps of the current source supplied to, and electrotonic load imposed on, each micropatterned tissue pixel during pacing from the RV free wall Figure 6C -E) . For IS cultures, the peak load:source ratio was located near the corner of the RV chamber, consistent with the initial CV WF slowing at that location. The RV chamber corner thus acted as an effective anchor for the subsequently developing lines of block. On the other hand, the peak load:source ratio in AS cultures showed an elongated distribution that extended from the RV chamber corner towards the septum and the LV. This shift in electrotonic load distribution in AS cultures could be attributed to the existence of a sharp downstream turn in fibre directions, as illustrated by the fibre angle and angle gradient maps shown in Figure 6F and G.
Discussion
In this study, novel micropatterned cross-section cultures of neonatal rat cardiomyocytes were used to systematically explore how specific features of natural ventricular structure may influence the incidence, location, and spatiotemporal evolution of conduction block at rapid excitation rates. The main findings were the following: (i) realistic tissue boundaries and fibre directions independently and additively increased local conduction slowing and the incidence of conduction block, promoting reentry initiation, (ii) conduction block occurred when rapid excitation originated in the septum or RV free wall, but not in the LV free wall, and formed exclusively at the insertions of the RV free wall into the septum, and (3) realistic tissue boundaries and fibre directions played distinct roles in the development and shaping of transmural lines of conduction block by governing the spatial distribution of the mismatch between the electrotonic current source and load. These findings collectively indicate that in addition to cardiac alternans 7, 8 and regional variations in ion channel expression 5, 6, 18 , the specific anatomical features of the ventricular walls can act as independent and important contributors to conduction failure and arrhythmogenesis.
Extracellular point stimuli applied to a cardiac monolayer are expected to create a complex polarization pattern that affects local tissue excitability as well as refractoriness, 24 but dissipates several space constants (≈1-2 mm) from the stimulus site. At any site in the monolayer, conduction block develops if the depolarizing current source (supplied by the stimulus electrode and/or activated cells) is unable to overcome the downstream electrical load (determined by the underlying tissue structure and subthreshold cell membrane properties). The lack of conduction block observed in basic IC cultures ( Figure 1E ) suggested that at least for near-threshold (1.2×) stimuli, excitation was more prone to fail as a result of the specific source-load distribution produced by the stimulus electrode at the pacing site, rather than randomly oriented cells remote from the pacing site.
On the other hand, rapid pacing readily precipitated conduction block at larger structures (several hundred microns to a few millimetres), such as the RV-to-septum tissue expansions in IS cultures ( Figure 1E ). In previous in vitro studies, idealized microscopic tissue expansions extending from 20 to 80 mm-wide micropatterned strands have been shown to cause conduction block, even for a single propagated AP with normal excitability. 1, 10 In contrast, the larger current source supplied by the 1.5 mm-thick RV free wall in this study required a reduction in tissue excitability (via rapid pacing) to establish a sufficient source-load mismatch to yield conduction block. When the same RV-to-septum tissue expansion also included naturally sharp fibre turns (in AS cultures), the incidence of conduction block was further increased (from 17% in IS to 34% in AS), suggesting the independent, synergistic, and comparable contributions of microscopic fibre directions and macroscopic tissue boundaries to the development of conduction block. During rapid pacing, the RV-septal expansion caused pronounced conduction slowing, both in IS and AS cultures. However, the alignment and sharp turn of fibres in AS cultures also introduced the formation of partial block as a transitional regime to complete transmural block. The instances of partial block were manifested as transiently detached waves (forming phase singularities) that drifted further from the anterior corner of the RV chamber with each successive AP ( Figure 3C ). In the natural 3D setting, this detachment and drift could facilitate the induction of functional reentry if the large tissue mass of the septum and LV free wall provided sufficient room for the free end of the detached wave to curl and evolve into a functional rotor. 25 Alongside the differences in temporal evolution of conduction block between IS and AS cultures, the dominant location, orientation, and length of transmural block lines also differed ( Figure 6A and  B) . Specifically, the presence of the RV-to-septum tissue expansion as the main structural heterogeneity in IS cultures yielded a dominant site of block located at the end of the RV free wall, whereas the realistic fibre directions in AS cultures shifted the dominant site of block further downstream the conduction path into the septum. Thus, realistic tissue boundaries and fibre directions played important and distinct roles in the spatiotemporal dynamics of the formation of conduction block. A number of previous studies have proposed that repolarization gradients due to regional differences in the magnitude of I to , 4,5 I Ks , 5 and I k1 26 underlie the differences between LV and RV conduction during sinus rhythm or ventricular fibrillation. In this study, the higher incidence of conduction block observed during RV-vs. LV-initiated conduction ( Figure 1E ) was solely attributed to the structural characteristics of the ventricular walls and, in particular, the source -load mismatch at the RV-septal insertion. For RV-to-LV propagation (but not vice versa), this junction acted as a block-promoting tissue expansion (in IS and AS) with diverging fibre directions (in AS only). Interestingly, the specific structural features of the RV-septal insertion (e.g. tissue expansion, diverging fibres with sharp fibre turn) are relatively preserved for different transverse ventricular planes and across several mammalian species, including humans. 21 Thus, our results suggest that the natural architecture of ventricular tissue may support safer wave propagation originating in the LV compared with the RV free wall. It remains to be studied if, in the presence of natural ion current gradients and/or a steeper APD restitution, the RV-septal insertions remain the most vulnerable to unidirectional block at high excitation rates.
Pathophysiological implications
Our results suggest that even without significant static or dynamic gradients in APD, the excitation of healthy ventricles from the RV free wall or septum can be arrhythmogenic solely due to natural, structurerelated non-uniformities in tissue activation at specific block-prone sites. However, the occurrence of these structure-dictated conduction blocks would require a static and/or dynamic reduction in tissue excitability, achieved in this study by rapid pacing. In addition, the location and arrhythmogenicity of these sites may be altered in ventricles with disease-induced 27 or therapy-induced 27, 28 structural remodelling, where changes in chamber geometry (e.g. ventricular dilatation or hypertrophy) and/or fibre directions and local tissue anisotropy (e.g. myofiber disarray, fibrosis) are likely to modify the pre-existing sourceload distribution. Identifying specific anatomical sites with particularly high risks of unidirectional block, as shown in this study, may suggest novel targets for cardiac ablation therapies.
Study limitations
In this study, we applied a novel DTMRI-based cell micropatterning technique to gradually introduce different components of ventricular tissue structure to cardiomyocyte cultures. This technique uniquely enabled systematic investigation of purely structural determinants of intramural conduction and conduction block. The simplified 2D nature of our experimental preparation and the currently unavoidable use of neonatal cardiomyocytes are obvious study limitations. For example, significantly greater resting input conductance (due to increased cell size and K + current density) and capacitance (due to increased cell size and presence of T-tubules) in adult vs. neonatal myocytes would augment electrotonic loading during propagation in adult tissue. This effect could, however, be offset by the larger depolarizing currents of adult myocytes providing a stronger source for tissue activation. Other developmental differences in restitution properties and intracellular Ca 2+ handling in adult vs. neonatal myocytes, 29 as well as the Purkinje system 30 and 3D structure of the intact ventricle, could distinctly influence the initiation and dynamics of potential reentrant activity. While we believe that the observed vulnerability of RV-septal insertions to conduction block and the described mechanisms of block will be maintained in the intact adult ventricle (especially for waves propagating parallel to the base-apex line), we recognize that the resulting arrhythmogenic outcomes will likely differ. Thus, further studies will be necessary before making any extrapolation to the human heart. Another methodological limitation is the spatial blurring of ensemble average maps that results from slight variations in pacing site and/or conduction timing among different cultures. Nonetheless, our studies successfully singled out specific features of the natural ventricular structure as critical and independent determinants of conduction failure and arrhythmogenesis.
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